Motivated by recent experiments on electronic transport through a carbon nanotube dot, we investigate the role of the intra-and inter-orbital Coulomb interactions on the temperature evolution of the conductance. It is shown that small amount ( 10%) of asymmetry between these Coulomb repulsions substantially deforms the conductance profile at finite temperature, particularly around half-filling. The nature of such thermal symmetry crossover is elucidated.
filling have been argued actively so far, due to the singlet-triplet Kondo effect, 5) the SU (4) Kondo effect 6, 16, 17) with/without some more complications. Observed temperature dependence of conductance through CNT seems nonuniversal rather than universal.
In this Letter, motivated by the mentioned experiments on low-temperature transport through a CNT dot, we investigate the role of the inter-orbital Coulomb repulsion and the thermal symmetry crossover. Our main concern is on the temperature dependence of the linear conductance profile particularly around half-filling. While the RG flow either at quarterfilling or at half-filling has been shown to flow toward the SU (4) symmetric strong coupling point, 14) the absence of the exact SU (4) symmetry may affect substantially the behavior at finite temperature. Indeed a small amount of interaction difference less than 10% will cause a large deformation to the conductance profile at finite temperature (see Figs. 3 
and 4 later).
We point out that the thermal crossover by interaction asymmetry provides a systematic understanding to observed thermal evolutions. [4] [5] [6] Relatively large energy scale of the Coulomb interaction allows us to focus on the topmost electron shell. Regarding a CNT dot, a great success of Anders et al. explaining Makarovski et al. experiments makes us feel certain that the SU (4)-symmetric model is a good starting point to model a CNT dot system; the topmost shell of CNT doubly degenerates in orbits i = 1, 2 and the view conforms to observations of SU (4)-Kondo effect at quarter-filling. 15) The SU (4)-symmetric model nevertheless misses something, failing to explain the temperature evolution at half-filling of some experiments. 4, 5) Within the universality of the topmost shell, we regard the interaction asymmetry among the orbits a clue.
By this reasoning, we model the CNT dot by an orbitally degenerate Anderson model with interaction asymmetry among orbits. On the dot, an electron interacts with an electron in the same orbit i = 1, 2 by U or in the different orbit by U ′ . The total Hamiltonian is given by H = H D + H L + H T , where the dot H D , the noninteracting leads H L , and the coupling between leads and the dot H T are defined by
Here the number operator of the dot is defined byn i = σn iσ = σ d † iσ d iσ and the average electron number on the CNT dot N d = in i is controlled from 0 to 4 by the gate voltage ε d . In the calculation below, we assume constant density of states ρ α of the lead α and use Γ = α Γ α = α πρ α |t k | 2 as a coupling parameter between the leads and the dot.
In the case of U ′ = U , the total Hamiltonian H retains the full SU (4) symmetry. The states 2/11 (n 1 , n 2 ) = (1, 0) and (0, 1) are degenerate at quarter-filling (N d = 1) and so are (n 1 , n 2 ) = (2, 0), (1, 1) and (0, 2) at half-filling (N d = 2). When one breaks the SU (4) symmetry by decreasing U ′ , the degeneracy is broken at half-filling, but unbroken at quarter-filling. This simple argument indicates that the SU (4) symmetry at half-filling is more vulnerable than that at quarter-filling. We will show later that this is indeed the case.
At T = 0, the system is fully renormalized into the strong coupling fixed point; the linear conductance is expected to depend only on N d , i.e., G(T = 0) = 4G 0 sin The KR formulation of SBMT is believed to be a powerful non-perturbative method; it gives reliable results not only qualitatively but also quantitatively up to the Kondo temperature, agreeing successfully with numerical renormalization group methods and experiments. 19, 20) When KR-SBMT is extended to the dot with doubly degenerate orbits, 16 bose fields are needed associated to each state of the dot: e for the empty, p iσ for one electron with orbit i and spin σ, x i for two electrons on the same orbit i, y sσ for two electrons at different orbits with total spin (s, σ), h iσ for three electrons with a hole on iσ, and b for fully occupied state. 21, 22) To eliminate unphysical states, the completeness condition and the correspondence condition between boson and fermion number 
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iσ . The effective Hamiltonian eq. (4) conforms to the Fermi liquid description. 23) The form of H eff enables us to find the linear/nonlinear conductance by the MeirWingreen formula. 24) We will present the result of the linear conductance for the symmetric coupling between the leads and the dot Γ L = Γ R below. We evaluate renormalized parameters self-consistently at each ε d and at temperature T . Interaction asymmetry manifests itself only at finite temperature as a thermal crossover by modifying the conductance profile substantially around half-filling.
To clarify the nature of the temperature dependence and understand how the conductance is affected by the asymmetric interaction particularly around N d ≈ 2, we make a direct comparison between the behaviors at quarter-filling and half-filling. Figure 2 Another important observation is on the universal temperature dependence. Insets of Fig. 2 (a,b) show the data as a function of scaled temperature T /T * . As is seen, the curves collapse well up to T T * (T * is a upper scale restricting the validity of the present analysis).
It implies that the universal temperature dependence either at half-filling or at quarter-filling reduces to the SU (4) symmetric case of U ′ = U . Additionally, Fig. 2 (d) shows that such universal dependence differs slightly but significantly between N d = 1, 2. 17) It shows that the thermal symmetry crossover observed at finite temperature is not considered a crossover between different universality classes (between SU (4) and SU (2) × SU (2)). We can attribute
4/11
the phenomena to renormalizing the characteristic temperature T * by asymmetry U ′ /U at each gate voltage.
To stress the relevance of asymmetric interaction U and U ′ to experimentally observed conductance profiles, [4] [5] [6] we now present schematic calculations mimicking experimental situation, changing U ′ /U slightly. In the comparison, we have in mind a rough estimate U ≈ 100K, but we find the following characteristics pretty generic. How much asymmetry brings the system away from the SU (4) symmetric behavior of To understand experimental data fully, one more complication seems to remain. By decreasing the temperature below 8K, one conductance profile at half-filling (V g ≈ 3V) begins to enhance, conforming to the Kondo-like effect, but it eventually reduces below 2K. 5) We regard such behavior beyond our scope of description with a possible extra mechanism at an energy scale much smaller than the Kondo temperature; some interesting possibilities such as a slight difference of degenerate levels, exchange coupling and orbital-dependent coupling have been argued, but it still remains to be seen.
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transport through a carbon nanotube dot. By using the KR formulation of slave-boson mean field theory, we have shown that a small amount of asymmetry between the intra-orbital and inter-orbital interactions can give rise to a substantial effect on the conductance profile at finite temperature by renormalizing T * . It is suggested that interaction asymmetry at finite temperature enables us to understand systematically the existing experimental data. [4] [5] [6] We also anticipate to observe a similar crossover phenomena by applying small amount of finite bias voltage because it should serve as an energy cut-off similarly to finite temperature. 10/11
